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, a  ABSTRACT 
A lumped parameter description of the propellant feed 
system for the L/M-RCS is presented. 
model for transient flow analysis of an injector is developed. 
The injector model couples the feed iine description to an 
existing engine combustor model, providing a system simulation 
capability. 
A simple two-phase 
The results of a digital computer simulation are presented 
Qualitative and for several combinations of system parameters. 
quantitative agreement with experimental results is within 
expectations for the scope of the models. 
Recommendations are made for improving the quantitative 
capability of the simulation models. 
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INTRODUCTION 
The work presented in this report was supported by a 
NASA-MSC contract. It had as its objectives the develop- 
ment of a simulating capability for the LM/RCS, the simu- 
f 
lation of the systemp and the presentation of a qualitative 
description of the transient behavior of a preignitec engine. 
The Reaction C o n t r o i  Systerri ( R C S )  for the lunar module 
(LM) consists of two systems each containing eight engines. 
The two systems are separate but may be inter-connected by 
opening cross-feed valves. A cluster of f o u r  enginesp two 
from each systemp is located at each of four points on the 
extremities of the vehicle as shown in Figure 1. A schematic 
of the gas pressurized bi-propeilant feed system i s  shown in 
Figure 2. A s  indicated by observation of these figures, the 
distances between the various engines and their propellant 
supply source varies appreciably. 
The configuration of the EM-RCS engines and their feed 
supply systems is responsible for hydraulic characteristics 
capable of severely altering engine performance. Rapid opera- 
tion of the solenoid-engine injector valves (shown in Figure 3 )  
generates elastic waves in the propellant flow. The nypergolic 
propellants--the fuel is zi blend of hydrazine Q N 2 H 4 )  and 
unsymmetrical dimethyl hydrazine [ (CH3) (NNH2)] : the oxidizer 
is nitrogen tetraoxide (N204) --have d i f  ferent wave propagation 
velocities. Thus, hydraulic oscillation in the fuel lines have 
different frequencies from those in the oxidizer Pines. The 
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result is that hydraulic transients produce variable oxidizer 
to fuel ratios. In addition, flow in the various passages of . 
the injector--to the pre-igniter cup and through the manifold 
leading to the main injector orificies as shown in Figure 3-- 
is in at least two phases immediately after valve opening and 
following valve closure. These flows in the internal passages 
of the injector are coupled to the thermochemical processes in 
the combustion chamber at a11 time as well as to the oscil- 
lating feed system flows when the engine valves are opened. 
The manner in which this coupling contributes to the extreme 
chamber over-pressures (ignition spike phenomena, Reference 1) 
which have been observed (and are in some cases catastrophic) 
is unknownp but Pt is certainly significznt. These engines are 
required to operate thousands or' times f o r  variable durations 
as short: as ten miiliseconds, both in phase and out of phase 
with other engines. 
En an attempt to s t u d y  some of the above mentioned behavior 
an analytical program was sponsored by Grumman Aircraft Engineer- 
ing Corporation, the system contractor. The study was performed 
by the Acivanced Technoiogy Laboratories of General Electric 
Company. The final report of t h i s  investigation was made in 
March, L565, {Refererice 2 ) .  The study indicated tnak tne feed 
system proauced undesirable engine performance. Undesirable 
performance was verified in pre-production feeu-syscem teses. 
The study did not include the present injector configuration. 
Although the study was considered to be based on a full range 
dynamic model, no allowance was made for the existance of 
. 
propellant vapor. 
As an ASEE-NASA Summer Faculty Fellow, the present investi- 
gator developed a mathematical model allowing for the internal 
configuration of the injector and more closely representing khe 
physical processes occurring in it. Figure 4 shows this new 
injector model in terms of electrical equivalents for the vari- 
ous fluid flow elements. The essential characteristic of the 
elements in this injector was that the flow resistance of the 
orifices and the capacitance of the fluid accumulating cavities 
were pressure dependent. The pressure was compared with the 
propellant vapor pressure to determine the phase of t h e  fluid. 
A combination of the new injector model, a feed-system 
model of the type used by General Electric and a version of 
General Electric's combustor model up-dated by Grumman RCS 
personnel was submitted for programming to personnel of the 
hybrid computing Sacility at the Manned Spacecraft Center. 
The programmed material was to provide a simulation of a RCS 
thermochemical test facility for ehe purpose of comparing the 
computer simulation with measured data fron the facility. The 
contract was for the purpose of rendering guidance, evaluation, 
any necessary modifscation, andp ultimateiyp utilization of the 
computation effort f o r  simulating an actual EM-RCS system. 
TRe computing efforrs were msatisfactory for  over a year and 
a half. This eliminated any possibility for modification and 
utilization of the simulation. In order to achieve a reasonable 
time scaling in the hybrid computer, the fluid phase changing 
capability of the model coupled with digital-analog interconnect 
7 
m 
8 
errors produced instabilities in the computation, 
In an effort to obtain some evaluation of the model, an 
all digital program was written and executed on the CDC 3300 
computer of the Lamar Research Center. The computation time 
required for an all digital simulation being much larger than 
that required for a hybrid simulation necessitated shorter 
simulation runs. Since the initiation of the computation 
effort, experimental datz for api actual. LM-RCS system firing 
under vacuum conditions became available at MSC. In view of 
the two factors mentioned abovey it was decided to employ an 
approximate model of the EN system by using the less complex 
computation model previously developed for the thermochemical 
test facility. This required that only one active engine be 
allowed. It was reasoned that the best model approximation 
couid be obtained by Petting the active engine be a system "A" 
engine located i h  quad 2 ( t h u s ,  engine 13 was represented as 
the active engine of the model). It should be noted that by 
employing this technique iarge parts or' the fee6 system were 
lumped and treated as individual elements. This report 
presents the results and conclusions drawn from this compu- 
tation effort. 
.. 
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METHOD OF ANALYSIS 
Feed System -
The equations governing the flow of propellant in the 
feed system are: 
of fluid mechanics or their integrals, thermodynamic and state 
equationsp and the elasticity equations of the propellant 
piping. The most recent techniques for treating these equations 
with digital computers for transient liquids and liquids with 
entrained inert gas are presented and discussed fn Reference 3 .  
Conventional methods of analytical treatment and reduction to 
The non-linear partial differential equations 
forms suitable for analog computers are in References 4 and 5. 
In the present liquid feed system analysis isothermal 
quasistatic conditions are assumed; the liquid bulk modulus 
was considered constant a s  was that of pressurant gas when en- 
trained in the liquid; and the thin-walled cylindrical pressure 
vessel equation has presumed to represent the elastic behavior 
of the piping. The friction-joint method of concentrating 
fluid friction effects in the form of a Darcy-Weisback pressure 
drop relation at regular intervals along the flow conduit was 
utilized (Reference 4). The velocities in regions between 
friction joints were considered to be small in comparison to 
fiuid accelerations. The equations describing the flow in 
these regions then reduce to a pair of equations whose solutions 
can be generated from solutions of the classical one-dimensional 
wave equations (Reference 4). For sufficiently small regions 
(i.e., for a Parge enough number of friction joints distributed 
lent distance from the friccion source KO the opposite friction 
joint. Thus, due to N friction sources in a region of total 
equivalent length I., pipe friction factor f, and pipe diameter 
D the magnitude of the pressure drop due to friction which is 
concentrated at each of two friction joints located at xe = 0 
and Xe = l e  is respectiveiy . 
10 
over the system so that they are closely spaced), the assump- 
tion of uniform time derivatives is permitted and allows the 
equations to be written in lumped form similar to thooe  of 
lumped capacitive and inductive electrical elements. These 
methods were utilized in the General Electric Study as well as 
in this study. Their development is included in Appendix A 
and their use is outlined below. 
The first step of the technique for Bumping parameters in 
a fluid system is the division of the system into regions. The 
regions are separated by friction joints. All friction in a 
region is represented by a Darcy-Weisback friction factor and 
equivalent length. The frictional effects of all friction 
sources are then concencrated at the friction joints on the 
boundaries of the region. The fraction of the total friction 
concentrated at each joint is weighted according to the equiva- 
and 
(2) 
where p is the fluid density, (Xe)k is the average equivalent 
11 
distance of the kth friction source from the friction joint 
at Xe = o f  and ('e)k is the equivalent length of the k- th 
friction source; 
been concentrated at the appropriate friction joint, the flow 
in the interior region is considered frictionless. 
i.e., t, = f (te)k. Once the friction has k= 1 
In this report, the region of feed line between two 
adjacent friction joints is referred to as a line module. Two 
Pine modules were used in this study. 
line module were actually frictionless, it would be described 
by the classical wave equation. 
propagation of a wave created by any disturbance in the region 
by ''a''p the classical theory allows the wave to propagate back 
and forth through the regiorY with a frequency of a/41 where 'E. 
is the length of the region. 
fluid Pine, as was done in this analysis, excitatlion frequencies 
in the order of !twice the hatural frequency of the module can 
be allowed; i.e., 2 a/41 = a/2r (Reference 2). The total 
length of the thermochemical test facility feed line that was 
to be simulated was approximately 5 feet. This simulation 
would have allowed disturbing frequency modes of about 600 
Her-czjcycles /secj, When the same lumped elements were used 
If che flow within a 
Denoting the velocity of 
When lumping parameters in a 
to represent the LM-i-ICS, the module con-caining the three 
clusters of non-firing engines had a line branch over fifteen ' 
feet long. Hence, chis modcPe should have responded to fre- 
quency modes up to about 108 Hertz. If one considers a PO 
millisecond pulse to be a disturbance of 26 millisecond funda- 
mental period, then the fundamental mode of this disturbance 
12 
has a frequency of 50 Hertz. Thus, the 100 Hertz limitation 
of the simulation renders the response to the second harmonic 
questionable and the response to modes of higher frequency 
unacceptable for a 10 millisecond pulse. Nevertheless, 10 m.s. 
pulses were used for computational economy since the fundamental 
was represented in the larger module and at least relative 
effects of disturbing modes of higher frequency wouI.6 be re- 
flected in other modules which were more finely lumped. 
The specific form of the equations for the lumped region 
between two adjacent friction joints is based upon mass and 
momentum considerations as would be the case if a distributed 
description were obtained. However, in the lumped description, 
it is not possible to account for mass and momentum simultane- 
ously at the same point in the module. Mass and momentum are 
alternately accounted for in a fashion that keeps the module 
balanced. i 
Wnen considering mass conservation, allowance is made for  
fluid entering and leaving the module at di€ferent rates; but 
the mass accumulation permitted by liquid compressibility and 
pipe eiasticity is considered co be uniZorm in space at ii given 
instant of time; i . e . ,  the pressure is instantaneously uniform. 
The result is a capacntiveseffece. 
0 . = c =  dP 
win - Wout 
where C, the fluid capacitance, is defined as the ratio of the 
rate of fluid accumulation to the rate of pressure increase. 
In a simple elastic pipe the capacitance is a 
13 
where LI is the volume of the module and a is the acoustic 
velocity in the f l u i d .  1% is given by 
Neglecting the effect of axial stresses in a thin-walled pipe, 
the equivalent bulk modulus is related to the fluid bulk 
modulus and the pipe elastic nodulus by 
1 
4- 1 . -  B - - -  Be €3 E(Do/Di -1) 
b 
Momentum considerations are based On different pressures 
at the two ends of the frictionless region producing an accele- 
ration of the fluid in the region s w h  that the flow rate 
through the region is inseantaneousiy uniform throughout the 
region. 
of an inductive effect, 
The result of t h e  inertia of the fluid is production 
J 
where L is given by 
A balanced arrangement of these frictionless lumped eiements 
is conventionally obtained by splitting either the total capaci- 
tance or the total inductance of the module into two equal parts 
and placing them symmetrically on the ends of the element 
14 
which is not split. When the friction at the friction joints 
is attached to the two ends of the frictionless module, one 
obtains a module of lumped elements capable of representing 
flow in a region with friction. 
ed by equation 4. or 2 which is more conveniently expressed as 
A friction element is represent- 
( 9 )  = R i p 1  I friction 
where the velocity has been replaced by its equivalent V = i / p A  
(the absolute value in equation 9 is for  keeping track of flow 
direction) and R contains the other terms in equation 1, or 
I 
i lrV2 I AP R = -1friction 
With each element now described in terms which are analogous 
to non-linear ePectricaP circuit elementsp the entire module can 
be representee as a two-port (four-terminal) network, Network 
equivalenrs forithe two types of nodules--split capacitance 
rrtoduie and s p l i t  inductance msduie--are shown i n  Figures 5 and 
6. The equations for tire eiements of the mociules are also indi- 
cated in tne figures. By combining the equations of the module 
eleinents, a pair of network differential. equations may be 
obtained fo r  each nodule. The resulting eqaarions impiicitiy 
contain pressures as outpis-c and flow rates as inp~r: f o r  the 
s p l i t  capacitance mouule. T o r  the split fn6uccance module, the 
converse is the ease as the ou tpu t s  are flow rates for input 
pressures. This characteristic is utilized in selecting one 
of the two types of modules. 
Propellant. supply tank pressures were treated as known 
15 
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a c o n s t a n t s  i n  t h e  p r e s e n t  a n a l y s i s .  With t h i s  i n f o r m a t i o n  a s  
i n p u t ,  a s p l i t  i nduc tance  l i n e  module connected t o  t h e  t ank  
r e p r e s e n t e d  t h e  feed  l i n e  l e a v i n g  t h e  t ank .  The o u t p u t s  on . 
b o t h  ends of  t h i s  module were f low ra tes .  Thus, a s p l i t  capac i -  
‘ tance Pine module r ep resen ted  t h e  n e x t  Pumped r e g i o n  of f e e d  
system p i p i n g .  Th i s  module u t i l i z e d  as i n p u t  t h e  o u t p u t  f low 
rate  of t h e  s p l i t  inductance  module. Its o u t p u t  w a s  t h e  p re s -  
s u r e  r e q u i r e d  €or t h e , i n p u t  of t h e  s p l i t  i nduc tance  module. 
These t w o  modules f o r  t h e  LM-RCS r e p r e s e n t e d  t h e  e n t i r e  5/8-inch 
d i ame te r  f e e d  l i n e  t o  t h e  Y-block of t h e  f i r i n g  eng ine  as w e l l  
as a l l  f e e d  l i n e s  t o  non- f i r ing  eng ines .  The 3/8-inch d i ame te r  
l i n e  from t h e  Y-block t o  t h e  f i r i n g  engine  w a s  c o n s i d e r e d  t o  be 
p a r t  of t h e  i n j e c t o r  i n l e t  f o r  t h e  f i r i n g  eng ine  (Engine # 1 3 ) .  
A schemat ic  r e p r e s e n t a t i o n  of one p r o p e l l a n t  f e e d  system i s  
shown in F i g u r e  7 w i t h  arrows i n d i c a t i n g  i n p u t  and o u t p u t  i n f o r -  
mat ioc  for each module. 
I n j e c t o r s  
The e q u a t i o n s  f o r  the b a s i c  liquid f low e lements  i n  a 
s i n g l e  p i p e  Pine were p resen ted  i n  t h e  p receed ing  d i s c u s s i o n  
of t h e  f e e d  system. . T h e  e lements  can be c l a s s i f i e d  as resistors 
( f r i c t i o n  e rements )  c a p a c i t o r s  (mass accumulat ing e l emen t s )  I 
an6 i n d u c t o r s  (mass i n e r t i a  e l e m e n t s ) .  A resistor w a s  r e p r e -  
s e n t e d  by Equation 9 .  The d e s c r i p t i o n  of a c a p a c i t o r  was g iven  
i n  Equat ion  3 .  Equation 7 gives t h e  r e l a t i o n  for an Pnductor .  
F o r  t h e  i n j e c t o r ,  t h e  same i d e a s  can be  used ,  b u t  due t o  f l u i d  
phase changes a more complex i n t e r p r e t a t i o n  must be a p p l i e d .  
Modules f o r  a flow device  may be c o n s t r u c t e d .  by combining 
I 
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the elements so that the steady flow relation between pressure 
drop and flow rate determines the resistance, R; transient 
pressure drop due to inertia determines the inductance, L; and 
the mass accumulating characteristics of the device determines 
the capacitance, C. If the flow 6evice is complex, the parameters, 
R, L, and C will probably be non-linear {i.e., they will depend 
upon P and/or W). Such a procedure for representing flow devices, 
- 
particularly as a schematic representation of the device, may be 
of great convenience but is purely artificai and only as good as 
has been the consideration of the actual physical processes. 
As the engine injectors of this study are complex flow devices, 
the resistive, inductive, and capacitive eiemencs may be of the 
above mentioned non-Pinear eype. 
A schematic diagram of an injector for this study is shown 
in Figure 4 ,  Because an i n i e t  Pine to the injector is only 
3 / 8  inch  TI dianezer arid LO inches in Length, its capacitance 
is negligfbie. Thus,  an i n i e t  line h a  3nLy induceace, L . ,  
and resistance, 3 , .  in adiii t ion to che line ~ e s i s ~ a i c e p  cne
anlet valve is represeneed by a time variable resistor 
I 
Downstream from the valve, .che f iuici  fills ehe tube ieadinc, 
KG the ?reignite= cup. (See T ' i g u r e  3;  e In addition to S G ~ ~ S  
F'  -&uSdc Zlswing o u t  che preigniter into the chamber, most of the 
f l u i d  flows through zi parallel branch into the injector manifold 
feedins the insin S n - j e c ~ o r  orifices. The dribbie volume of the 
injector--the volume of propellant which can be trapped in the 
cavity between the valve and the chamber--is composed of the 
volume of the preigniter tube and that of the injector manifold. 
19 
. 
Since accumulation occurs in the dribble volume regions during 
start-up and depletion during tail-off, they are represented 
by capacitors. However, in the actual computer calculations, 
the preigniter capacitor C was omitted since its capacity was 
an order of magnitude smaller than that of the manifold during 
a very short filling period and zero thereafter. The large 
length to diameter ratio of the preigniter tubes makes their 
P 
inductance significant and accounts for the constant preigniter 
inductor I 
between the preigniter tube and the injector manifold are repre- 
sented by the resistor, Ra, between the preigniter capacitor, Cp, 
and the manifold capacitor Cm. The resistor, Rb, between the 
manifold capacitor and the combustor represents the main injector 
orif ices. 
shown in the schematic (Figure 4 ) .  The orifices LP 
The folkowing discussion applies to the physicai processes 
I 
represented in t n e  elements of the above aescribed injector 
module. Liqui6 and vapor ;?bases were considezed. Ail processes 
ir. the in-jector were treaced as isothermal and transitions as 
quasistaric. The propeliants were presumed t o  be at 70°F. The 
vapor pressure at that temperstme was used as the sole criterion 
determining the phase. For pressures below the vapor pressure, 
che value of a capacitor was based on its contents being an ideal 
gas .  For pressures above tne vapor pressure a capacitor was 
assumed to contain o n l y  Piquid propellant. A small iiquid volume 
in a rigid container has a negligible capacitance, When the 
pressure in a capacitor was equal to the propellant vapor pressure, 
liquid and vapor phases were considered to coexist, afid the 
20 
capacitance was unlimited (a Dirac delta function) until the 
volume contained either all liquid or no liquid. 
the liquid propellant mass in the cavity when it is full of liq- 
uid and% is the vapor propellant mass contained by the cavity 
when it is full of vapor at the vapor pressure Pv, then the 
capacitance of the injector cavity is represented by the follow- 
ing Function of cavity pressure: 
If WL is 
where U and 6 are respectively the unit step function and the 
Dirac d e l t a  function. Substituting this pure function of 
pressure into the fundamental capacitor equation, Equation 3 ,  
results in 
412) Wcavity = 1 CdP 
This integral was evaluated and is shown in Figure 8. The 
P 
0 
integral in Equation 12 was used as a table in the program for 
determining cavity pressures. The table look-up was based on 
net integrated mass flow into a cavity. 
The resistor (Ra) leading from the preigniter tube to the 
manifold cavity and the resistor I R b )  between the inanifold and 
the combustor were given phase dependent characteristics. For 
a constant orifice coefficient, the resistance is inversely 
proportional to f l ~ i d  ensity. The gas phase density w a s  esti- 
mated as 1/1QG of the hiquid phase density. Hence, a gas phase 
resistance of PO0 times the liquid phase resistance was used. 
All liquid phase resistances were based on pressure-drops and 
flow rates during steady state engine operation.* The value 
* Obtained from Mr. Doug Sedgley, Reaction Control Section, Grumman 
Aircraft Engineering Corporation, Bethpage, Long Island, New York. 
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of a two-phase resistance was based on the pressure of the 
upstream capacitor. Thus, Ra was dependent upon Pp and Rb 
depended upon Pm (See Figure 4 ) .  
, 
Several schemes were investigated for changing the resis- 
tance of an orifice when irs upstream pressure reached the vapor 
pressure. The presence of a gravity field on an up-firing 
engine with quasi-static flow would require that a cavity be 
completely filled with liquid before allowing liquid to flow 
through its downstream orifice. In a down-firing engine, an 
orifice would flow liquid as long as its upstream cavity con- 
tained any liquid at all. Essentially, both of these schemes 
were used. They provide the criteria for changing the phase 
of the flow through an orifice without simultaneously consider- 
ing both phases. They also provide two extremes for treating a 
mechanism which has been experimentally observed to great ly  
influence tail-off phenomena and the associated generation of 
spike-inducing intermediates. Computational instabilities 
associated with the suddenly shifting resistors caused several 
modifications in the above schemes. One modification was in 
effect only when the engine valve was open. Under this condi- 
tion, the resistance Rb was allowed to decrease linearly with 
increasing l i q u i d  mass in the upstream cavity. Another modifi- 
cation inhibited backflow through the main injector doublets. 
(The combustor model would treat such flow as replenishing the 
injector with unburned propellant from the combustor.) An 
additional modification was the previously mentioned elimination 
of the preigniter capacitor. With this alteration, Ra was made 
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dependent upon the manifold pressure P,. 
greater than the vapor pressure, the liquid value of Ra was 
used. 
Combus tor 
For Pm equal to or 
Otherwise the gaseous value was employed. 
A slightly modified version of the General Electric 
Company's combustor model (Reference 2 )  was employed in this 
study. The model was based on m a s s  conservation in the com- 
bustion chamber. The chamber pressure during combustion was 
determined by a mass balance on gases generated from the 
injected liquid propellants and gases escaping through the 
nozzle. The efflux through the nozzle was determined by the 
chamber pressure and the characteristic velocity. The charac- 
teristic velocity was treated as a pure function of the mixture 
ratio of propellant generated gases. 
generation rate was determined from the liquid injection rate 
retarded by time, T, a variable time delay. 
The propellant gas 
The time 'I was the time for which propellants were inert 
during a fictitious process following injection. A r  time T 
after injection the process instantiy converted propellants into 
gaseous combustion products having a characteristic velocity 
dependent upon the propellant mixture ratio at the time of con- 
version. This fictitious process utilizing the combustion time 
delay was a simplified way of representing the rate processes 
of atomization, mixing, evaporation, and reaction. When the 
controlling rate process is that of vaporization, the model well 
represents the effects of the chamber processes (Reference 6 ) .  
The equation for the combustor pressure was: 
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. 
TABLE I 
CHARACTERISTIC VELOCITY FOR ANALYTICAL COMBUSTOR MODEL 
b 
(Ratio)  
0 
* 2  
.4 
.6 
.8 
1.0 
1.1 
1.2 
1.4 
1.5 
1.6 
1.7 
1.8 
1.9 
2.0 
2.1 
2.2 
2.3 
2.4 
2.5 
2.6 
2.8 
3.0 
3.2 
3.4 
3.6 
3.8 
4.0 
20.0 
C* - ft/sec 
0 
2925 
3450 
3985 
4450 
4990 
5170 
5300 
5310 
5305 
5260 
5170 
5130 
5070 
4990 
4940 
4900 
4790 
4720 
4640 
4560 
4400 
4230 
4070 
3900 
3710 
3535 
3380 
0 
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oxidizer and the fuel system were each represented by two line 
modules and an injector module. A tank provided a constant 
pressure input to a split inductance line module which in turn 
provided a flow rate input to a split capacitance line module. 
The downstream pressure output of a split capacitance line 
module was input for an injector module. The upstream output 
of the injector module was the flow rate input required on the 
downstream side of the split capacitance line module. The 
downstream output of each injector was the flow rate of its 
propellant. The ratio of these two outputs provided the 
mixture ratio , 
and their sum gave 
t 
These inputs for the combustor model determined chamber pressure 
which in turn was required as input to the injector module. 
The nomenclature and vaiues for model constants fo r  the 
computer program are presented in Appendix C. 
Appendix D contains a logic flow diagram and a listing of 
the program. 
2 8  
RESULTS 
Hybrid ( Analog-Digi tal) 
This contract required programming and computing to be 
performed at the MSC. Hybrid techniques were recommended. 
However, acceptable results were never realized for computations 
reasonably representative of the model. Although general areas 
of difficulty could be detected, the complex interconnection 
systems between the digital and analog computers imposed both 
random and variably biased errors on the computations which 
never permitted satisfactory alleviation of the computational 
difficulties. The results of these attempts are not presented 
in this report. They are contained and discussed in Reference 
7, the final report prepared by the hybrid simulating personnel 
at MSC. 
Digital 
To utilize the excellent error diagnostic capabilities of 
digital computersp the equations of the sysien eiements were 
programmed for a CDC 3300 digital computer. Aftex minor modifi- 
cations, stable computacions were achieved. Forward differences 
with a time step size or' io microseconds were ultimately employed 
with complete system Ciata output every 20 steps (each 0.2 milli- 
seconds). This resulted i h  approximately three milliseconas of 
reasonably well simulated engine life per minute of digital 
computer time. This high rate of computer time consumption 
severely limited the scope of the simulation, but it was neces- 
sary for the representation of rapid valve actuation. The 
speed of these same calculations would have been increased 
29 
by a factor of about 20 had more sophisticated computing 
machinery of the type normally utilized by NASA been employed, 
Nevertheless, in view of the time consumed by the hybrid com- 
puting attempts at MSC and the effort expended in digital 
programming by the contractor, employment of the above mentioned 
computing procedure served as verification of the simulation 
techniques and enabled realization of contract objectives. 
Diagnostics of the early digital attempts led to the previ- 
ously discussed alteration in shifting the injector manifold 
resistors during the pre-ignition period of operation. Reduction 
of the main orifice resistors at a rate linearly dependent upon 
dribble volume liquid content during open injector-valve engine 
operation produced acceptable stability in the simulation. 
The simulation became insensitive to finite difference 
approximations of rapid transients with the use of 10 micro- 
second computatibn intervals. 
Extreme backflow occurred through the main injector orifices 
immediately following chamber ignition. This ignition was caused 
by flow through the preigniter jets. The single combustor model 
empioyed could not distinguish between preigniter and main 
chamber combustion. Consequently, any backflow was treated as 
a liquid propellant backflaw. This backflow entered the main 
injector orifices because its dribble volume was not yet filled 
with Piquid. According to the injector model, the dribble volume 
remained at the propellant vapor pressure. In reality, any back- 
flow from the chamber after ignition would consist essentially 
of combustion product gas. A very small mass of this gas would 
30 
provide appreciable pressurization of the dribble volume prevent- 
ing further backflow. 
ing form did not allow for product backflow, this physical con- 
dition was more closely approximated in the model by inhibiting 
the backflow through the main injector. The resulting charac- 
teristic ignition transient in the simulated chamber pressure 
is compared with experimental data in two cases (runs 1 and 3 ) .  
The general characteristics of the results are very good for . 
a first computing success with the model. 
Since the combustor model in its prevail- 
Fifteen simulated test runs were planned, and their required 
data input were prepared. As computing time became critical 
several of the less interesting runs were aborted. Manual 
plotting of all of the huge quantity of output from the runs 
would have been prohibitive. Selected results representative 
of the simulation were plotted and are included in this report 
in Figures 10 through 27. 
All figures have a common abscissa of time--lO milliseconds 
per inch--starting from the beginning of the first valve opening 
motion. Each valve was assumed to travel its full stroke (at 
constant velocity) in 1.5 milliseconds. Periods from the begin- 
ning of valve opening until the completion of valve closure are 
indicated on the chamber pressure plots for each run by F-valve 
for open fuel valve and 0-valve €or open oxidizer valve. The 
boundaries of the open fuel valve periods are vertical solid 
lines on all figures. Similarly, vertical dashed lines indicate 
the boundaries of periods during which the oxidizer valve was open. 
Discussion pointing out inadequate details of the 
plotted results follows: 
Runs 1 and 15 
Run Number 1 represents a single 12 millisecond nominal 
duration pulse. The fuel. valve led the oxidizer valve by 
2 m.s. during opening and it led 0.7  m.s. during closure. 
Propellants were considered pure. The injector resistors 
shifted in the manner simulating an up-firing engine attitude 
during the tail-off period following closure of the valves. 
The two peaks in the chamber pressure of Figure 10 are 
due to preigniter ignition--23 psi--and the reaction following 
the commencement of main doublet liquid flow--llO psi. At the 
completion of fuel valve closure, the pressure falls sharply 
to a near zero value. The simulating engine then "chugs" at 
5 to 10 psi levels f o r  the remainder of the run. This 
"chugging" is due to the vapor pressure of the propellants 
driving the propellant into the combustion chamber. 
Plotted on the same chamber pressure graph--dark dashed 
curve--are experimental data from an actual 14 m.s. pulse of 
Engine 13 (data from a 12 m.s. pulse was not available). It 
is easily seen that pressure fluctuations in the actual engine 
are not as abrupt as those of the model. 
All runs except run 1 5  were performed with the linearized 
combustion delay time (T) model for improved calculation 
efficiency. Run 15 duplicated run 1 but used the forward 
differences to solve the differential equation for T .  Only 
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minor d i f f e r e n c e s  were observed d u r i n g  some of t h e  s e v e r e  
f l u c t u a t i o n s .  The chamber p r e s s u r e  r e s u l t s  of r u n  1 5  are  
p l o t t e d  a s  a f i n e  d o t t e d  c w v e  superimposed on t h e  r e s u l t s  
of r u n  1. 
The o x i d i z e r  t o  f u e l  mixture  r a t i o  of run  1 is a l s o  shown 
i n  F i g u r e  1 0 .  Values g r e a t e r  t h a n  1 0  were n o t  p l o t t e d .  T h e  
mix tu re  r a t i o  i s  high--around 5--during d r i b b l e  volume f i l l i n g  
when t h e  only  l i q u i d  i n j e c t i o n  i s  due t o  p r e i g n i t e r  f low.  
P r e s s u r e s  i n  bo th  t h e  f u e l  and t h e  o x i d i z e r  i n j e c t o r  
manifold d r i b b l e  volumes a r e  a l s o  p r e s e n t e d  i n  F i g u r e  1 0 .  
F i g u r e  11 p r e s e n t s  Run 1 p r e s s u r e s  a t  three l o c a t i o n s  i n  each 
p r o p e l i a n t  f eed  system. T h e  t o p  graph  of t h e  f i g u r e  i s  f o r  a 
loca t ion  j u s t  downstream of t h e  v a l v e  i n  t h e  p r e i g n i t e r  t u b e .  
The middle graph  g i v e s  p r e s s u r e s  on t h e  upstream side of t h e  
v a l v e ,  and t h e  lower graph p r e s e n t s  t h o s e  a t  t h e  Y-block. A 
s h a r p  maximum f e e d  l i n e  p r e s s u r e  of 370  p s i  occu r s  on t h e  up- 
I 
s t r eam s i d e  of t h e  o x i d i z e r  v a l v e  a t  t h e  t i m e  of complete 
v a l v e  c l o s u r e .  This  i s  followed by smooth maxima of 2 8 5  p s i  
i n  bo th  t h e  upstream v a l v e  p o s i t i o n  and t h e  Y-block p o s i t i o n  
which i s  more i n d i c a t i v e  of ac tua l  system behav io r  due t o  i t s  
l o c a t i o n  in t h e  feed  l i n e  module. Severe  d e r i v a t i v e s  i n  t h e  
neighborhood of a maximum a t  t h e  v a l v e  l o c a t i o n  would i n d i c a t e  
wave gene ra t io r ,  a c t i v i t y ,  b u t  h igh  p r e c i s i o n  i n  t h e  i n d i c a t e d  
i n t e n s i t y  would n o t  be expected.  
Mass f low rates a t  four  l o c a t i o n s  i n  each s t r eam are shown 
i n  F i g u r e  1 2 .  Note t h a t  t h e  o r d i n a t e  r e a d i n g s ,  i n  pounds p e r  a 
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second,  apply  on ly  t o  t h e  o x i d i z e r  f l o w .  An o r d i n a t e  r e a d i n g  
must be d i v i d e d  by a f a c t o r  of two b e f o r e  it a p p l i e s  t o  a f u e l  
r e a d i n g .  T h i s  w a s  done because of t h e  d e s i g n  mix tu re  r a t i o  
be ing  2 . 0 .  The t o p  th ree  graphs p e r t a i n  t o  t h e  main p r o p e l l a n t  
f low r e s p e c t i v e l y  a t  t h e  t a n k s ,  t h e  v a l v e s ,  and t h e  main i n j e c -  
t o r  d o u b l e t s .  T h e i r  s c a l e  i s  one pound p e r  second p e r  i n c h  f o r  
o x i d i z e r  o r  0 . 5  pounds p e r  second p e r  i n c h  f o r  f u e l .  The 
lower g raph  p e r t a i n s  t o  t h e  p r e i q n i t e r  f l o w  and i t s  scale i s  
o n l y  one t e n t h  t h a t  of t h e  o t h e r  mass f low r a t e  graphs .  
Run 2 
Run 2 w a s  i d e n t i c a l  t o  r u n  1 e x c e p t  a down-f i r ing eng ine  
a t t i t u d e  w a s  r e p r e s e n t e d  du r ing  t h e  t a i l - o f f  p e r i o d .  
The o n l y  r e s u l t s  p re sen ted  for  t h i s  r u n  are i n  F i g u r e  13.  
The f i g u r e  c o n t a i n s  chamber p r e s s u r e ,  mix tu re  r a t i o ,  and 
d r i b b l e  volume p r e s s u r e .  Note t h a t  due t o  f a s t e r  d r i b b l e  
volume emptying t h e  t a i l - o f f  "chugging" i s  inore i n t e n s e  t h a n  
t h a t  €or t h e  u p - f i r i n g  engine.  T h i s  i s  i n  q u a l i t a t i v e  ag ree -  
ment w i t h  eng ine  t es t  r e s u l t s .  
Runs 3 and 4 
Runs 3 and 4 r e p r e s e n t  f i r i n g s  of  nominal 4 0  m.s. p u l s e  
wid th .  Run 3 i s  f o r  a n  u p - f i r i n g  a t t i t u d e  and run  4 i s  f o r  a 
down-f i r ing  a t t i t u d e .  Run 4 w a s  t e r m i n a t e d  s h o r t l y  a f t e r  
v a l v e  c l o s u r e .  
The o n l y  r e s u l t s  p re sen ted  ( F i g u r e s  1 4  and 1 5 )  are  those 
of  chamber p r e s s u r e ,  mix ture  r a t i o ,  and d r i b b l e  volume p r e s s u r e .  
However, expe r imen ta l  d a t a  from a 50 m . s .  p u l s e  is  compared 
w i t h  t h e  chamber p r e s s u r e  of r u n  3 .  Again t h e  a c t u a l  eng ine  
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?resoure transiti.-Tns are not as abrupt as those of the model. 
A significant observation is that of chamber pressure 
frequency. Both experimental and model data have a fundamental 
frequency whose period is about 18 to 20 m.s. However, the 
experimental data has a second harmonic of about 2.5 m.s. 
period which is not seen in the model data. 
Run 5 
Run 5 simulated two, 18 m.s. nominal pulses. Nominal 
off time between pulses was 20 m.s. 
firing. Other data was as that of preceeding runs. 
Engine attitude was up- 
Chamber pressure, mixture ratio, and injector manifold 
dribble volume pressure are shown in Figure 16. The second 
pulse differs from the first due to incomplete dribble volume 
emptying during the short off time. There are similar dis- 
tinctions exhibited in test data. 
Figure 19 shows the total mass of each propellant remain- 
ing in their dribble volumes during the run. It also shows 
the variation in combustion time delay, T .  
Runs 6 and 7 
These two runs each had two, twelve m.s. pulses with 
twelve m.s. off time between pulses. However, during both 
valve opening and valve closure, the oxidizer valve led the 
fuel valve by two m.s. Run 6 represents an up-firing engine 
while run 7 is for a down-firing engine. 
Three pages of graphs, Figures 18, 19 and 20, are shown 
for run 6. Only the standard chamber pressure, mixture ratio, 
and injector manifold pressure graphs are presented for run 7 
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i n  F i g u r e  2 1 .  Note t h a t  wi th  o x i d i z e r  leads t h e  f u e l  d r i b b l e  
volume f i l l s  j u s t  p r i o r  t o  valve c l o s u r e  f o r  a twelve  m . s .  
p u l s e .  T h i s  i n h i b i t s  chamber i g n i t i o n .  
O s c i l l a t i o n s  i n  t h e  feed Line p r e s s u r e s  appea r  t o  have 
pr imary  f r e q u e n c i e s  of  56  H e r t z  i n  t h e  f u e l  and 50  H e r t z  i n  
t h e  o x i d i z e r  f e e d  l i n e .  
as i n d i c a t e d  by tes t  d a t a .  I n  a d d i t i o n ,  t h e  n e a r  d i s c o n t i n u -  
i t i es  i n  t h e  ups t ream v a l v e  p r e s s u r e  c o i n c i d e n t  w i t h  valve 
c l o s u r e s  are more i n d i c a t i v e  of t h e  computa t iona l  i n s t a b i i i t y  
t e n d e n c i e s  t h a n  o f  any p h y s i c a l l y  r e a s o n a b l e  sys tem a c t i v i t y .  
These are approx ima te ly  rwice as l a r g e  
Run 1 2  
I n  t h i s  r u n ,  t h e  c a p a c i t a n c e  r e p r e s e n t i n g  t h e  feed l i n e s  
f o r  t h e  t h r e e  c l u s t e r s  o f  n o n - f i r i n g  e n g i n e s  w a s  reduced  by 
75 p e r c e n t .  The e n g i n e s  were u p - f i r i n g  w i t h  cwo, twelve m . s .  
p u l s e s  and 1 0  m.s. o f f  time. 
t h e  o x i d i z e r  v a l v e  by 2 m . s .  T h e  f u e l  v a l v e  l e a d  d u r i n g  
c l o s u r e  w a s  0.7 m . s .  
The f u e l  valve opened l e a d i n g  
F i g u r e  2 2  shows t h a t  t h e  l e v e l s  of chamber p r e s s u r e  
a t t a i n e d  w i t h  t h e  h a r d e r  f eed  systerrt w e r e  n o r e  i n t e n s e .  
F i g u r e  2 3  shows t h a c  t h e  p r e s s u r e  e x c u r s i o n s  in t h e  f e e d  
l i n e s  were s i g n i f i c a n t l y  more i n c e n s e  a d  05 a s l i g h t l y  h i g h e r  
f r equency  chan For t h e  nomina!. system. 
A slight re6ucr;ion ir, tmpLituc5.e of eank f low o s c n l l a t i o n s  
b u t  an i n c r e a s e  i n  f requency i s  snown in F i g u r e  2 4 .  
Run 1 4  
The e n g i n e  o p e r a t i n g  c o n d i t i o n s  i n  t h i s  r u n  are  t h e  same 
as t h o s e  i n  r u n  1 2 .  I n  t h i s  case, t h e  nominal f e e d  sys tem i s  
-- -----I 
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5 4  
used b u t  t h e  p r o p e l l a n t s  i n  t h e  f e e d  l i n e  are presumed t o  
c o n t a i n  e n t r a i n e d  hel ium i n  t h e  amount of 1 p e r c e n t  by 
volume a t  70°F and 1 7 5  p s i a .  
Engine performance i s  v e r y  rough d u r i n g  t h e  f i r s t  p u l s e .  , 
Note t h a t  a l a r g e r  scale had t o  be  used  f o r  chamber p r e s s u r e  
i n  F i g u r e  2 6 .  On t h e  o t h e r  hand,  t h e  f e e d  l i n e  e x c u s s i o n s  
were v e r y  smooth as c a n  be observed  from Y-block p r e s s u r e s  
i n  F i g u r e  2 6 .  T h i s  i s  due  t o  t h e  accumulator  e f f e c t  o f  t h e  
e n t r a i n e d  hel ium. Line  f r e q u e n c i e s  a re  somewhat reduced  i n  
t h i s  r u n ,  b u t  t h e y  are s t i l l  h i g h e r  t h a n  e x p e r i m e n t a l  v a l u e s ;  
i . e . ,  2 6  H e r t z  f o r  f u e l  and 20 H e r t z  f o r  o x i d i z e r .  
F i g u r e  27  shows much smoother f low rates  i n  t h e  f e e d  
l i n e s  due t o  t h e  e n t r a i n e d  hel ium. 
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CONCLUSIONS 
?he number of lumped feed line elements utilized in the 
digital 2rogram for this study was insufficient for high 
precision. 
exce?t dcring extreze transiezts. 
;:Eve Seen of f  by a faczor as ki.5i-1 as two. 
Nevertheless, reasonable amplitudes were realize6 
Some frequencies c o ~ 1 2  
The cornSl;istor model, relyicg upon mixture ratio only for 
chractsristic velocity, perforxed well at high Fzessure but 
was incapzble of representing the chamber pressure when oper- 
L L h s  - - ~  conditiozs were greatly different from steady state 
Lesigc con6itions. Careful evaluation of the results indicated 
that -the typical experimental chamber pressure decay is charac- 
teristic of the emptying-tank effect of the chamber volume. 
No allowance for this was in the cornbustor model. 
Large backflow tendencies from the combustion chamber to 
injector were detected following preigniter ignition and during 
tail-off. 
injector pressurization, nain chamber ignition, 
pressure build-up were riot anticipated or properly taken into 
accoQnt in either the injector model or the combustor model. 
However, their significant role was identified in this study. 
The attempted simulation produced results in such detail 
Such flow and its asparently significant effects on 
and chamber 
that it provided insight into the engine's complex operation 
az.3 pczmitted considerable evaluation of the model. Conpari- 
SGZS ~ L s h  ex2ezixental measurexents suggested physical mecha- 
nisr.s sotentially responsible for discrepancies betwesn the  
mCei acd the harzware. 
5 6  
- 
The results indicate that the models are not yet ready 
for precision simulation utilization. This analytic procedure, 
however, may be used to indicate qualitative changes in p r o p u l -  
s i o n  parameters caused by hardware changes or anomalies. 
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RE COiYMEN DAT I ON S 
It-is considered that the general qualities of the sirnula- 
tion arc valid. Several d e t a i l s  are inadequate  €or desired 
precision. The behavior of the various models was too complex 
for analog computations, and it readily indicated weak points 
once digital computations were employed. However, on a digital 
computer model alterations were not as convenient as on an 
analog machine for which many of the models had been designed. 
As an alternative to employing clumsy model alterations, a 
iimdel simplifying computer logic was utilized. Nevertheless, 
the results did show that gas injested propellants (or dis- 
tributed accumulators) reduces the severity of feed line 
oscillations. 
To more effectively utilize tne advantages of digital 
machines, it is recommended that tile entire simulation be 
expanded and detailed as a second phase of the study in which 
systematic improvements are made based on the knowledge and 
results gained in this study. Suggested modifications for 
each type of model will be given. 
Feed Lines 
- 
I f  a sufficiently large number of lumped feed-line elements 
are used, they will give good performance. However, lumping 
involves the discretization of the spatial variation of the 
flow properties. Numericalizing the resulting ordinary differ- 
ential equations for digital computers makes time a discrete 
variable. Difficulty arises if the discrete units of space 
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and time are n o t  p r o p e r l y  r e l a t e d .  D i g i t a l  methods a re  now 
a v a i l a b l e  f o r  t r e a t i n g  t h i s  problem by t h e  method of cha rac -  
t e r i s t ics  w i t h  non- l inea r  f r i c t i o n  i n c l u d e d  (Reference  3 ) .  
Fur thermore ,  t h e  method makes t h e  need for e x p l i c i t l y  lumping 
pa rame te r s  unnecessa ry .  T h e  a c q u i s i t i o n  and u t i l i z a t i o n  of 
a good, v e r s i t i l e  program f o r  nietiiod of c n a r a c t e r i s t i c  s o l u -  
t i o n s  i s  recommended f o r  tJ-IC f e e d  l i n e s .  
i n i e c t o r s  
The development of a g e n e r a l  f low model based  on a d r i b b l e  
volume c o n s i d e r e d  as a tank i s  recommended. The t a n k  shou ld  
b e  ca;?able of  c o n t a i n i n g  n o t  o n l y  r e a c t a b i e  m a t e r i a l  i n  b o t h  
l i q u i d  and vapor  p h a s e s ,  as i n  t h e  p r e s e n t  model, b u t  a l s o  
i n e r t  m a t e r i a l  i n  t h e  gaseous phase  t o  a l l o w  for combustion 
p roduc t  backflow.  
The r e s i s t i v e  elements s e p a r a t i n r j  t h e  d r i b b l e  volume from 
t h e  remainder  o f  t h e  i n j e c t o r  shou ld  be  c a p a b l e  of f low i n  any 
d i r e c t i o n  of any t y p e  of f l u i d .  I n  a d d i t i o n ,  t n e  f low th rougn  
t h e  p r e i g n i t e r  and t h a t  tnrough t h e  main o r i f i c e s  s h o u l d  n o t  
m e e t  p r i o r  t o  r e a c t i o n .  They shou ld  be  coupled  tn rough  a d i s -  
t i n c t  p r e i g n i t e r  combustor d i s c h a r g i n g  i n t o  t h e  main chamber. 
Spec] L i c a l l y ,  it is  recommended t h a t  v a r i o u s  mul t i -phase  
t a n k - o r i f i c e  models be s t u d i e d  on a d i g i t a l  computer u n t i l  f lows  
of t h e  t y p e s  s e e n  t o  be necessa ry  i n  t h i s  s t u d y  are a t t a i n e d .  
Combustor 
I t  i s  recommended t h a t  two d i s t i n c t  combustion chainbers 
be employed, one f o r  t h e  p r e i g n i t e r  and one f o r  t h e  main chamber. 
The charac te r i s t ic  v e l o c i t y  shou ld  be  dependent  n o t  o n l y  
5 9  
upon mix tu re  r a t i o  b u t  a l s o  upon chamber p r e s s u r e .  T h i s  
shou ld  be  done so t h a t  '-' : p r e s s u r e  i n  t h e  chamber canno t  
d rop  f a s t e r  t h a n  t h e  chamber can empty i t s  c o n t e n t s  t o  a 
vacuum thrc~icjn a choked ; , ? z z l e .  
The t i m e  d e l a y  mechanism should  a l s o  b e  s t r e n g t h e n e d  
so t h a t  it i s  com;?atible wi th  t;;c- r emainder  of t h e  r e a c t i o n  
model. A z e r o  p r e s s u r e  i q n i ~ i o n  d e l a y  i 1-1 t h e  chamber (as  
eni~loyed i n  t h e  p r e s e n t  G e n e r a l  E i c c t r i c  moae?) i s  unreason-  
a b l e .  The i g n i t i o n  d e l a y  i s  t h a t  a t  t h e  cnanber  2 r e s s u r e  
p r e v a i l i n g  when i g n i t i o n  occur s .  Tne p r e - 9 r e s s u r i z a t i o n  i s  
due t o  vapor  in- f low from t h e  i n j e c t o r ,  ciioked out - f low 
through t h e  n o z z l e ,  and u i t i m a t e i y  p r e l c j n i t e r  combustion 
e x h a u s t  as  f a r  as t n e  main  chamber i s  concerned .  
APPENDIX A 
- Fundamentals of I Lumped Parameter Equations 
The formulation of tie flow in a propellant system 
requires a consideration 02 fluid dynamics, thermodynamics, 
and the geometrical and mechanical characteristics of the 
propellant feed-system structure. Since the flow variables 
are functions of both time and spatial coordinates, the 
formulation that Collows is developed from simplified fluid 
kinetic and thermodynamic theory and the system structure 
is treated as straight thin-wailed piping. 
The five basic equations utilized follow. 
Flow Geometry: 
+ + 
where G = pv, 
Continuity: 
Momentum : 
( 3 )  
where G is the controi voLme and S is i t s  surr'ace area. 
Thermoaynamic stace: 
i.e., a barotropic relationship is presumed to exist. It is 
described by the bulk modulus for the appropriate process 
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( 4 )  B = p -  dP 
dP 
Piping Structure: 
dA - A dP 
(5) ? E -  E(DolDi - 1) at 
The simplification of the above system of equations 
results by judiciously lumping parametersp i.e., using 
spatially averaged values of certain properties in various 
equations. 
regions and thus requires a Parge number of such regions 
to represent an entire f low system. 
This procedure is justified for small. spatial 
Letting be the average density over a small. one- 
dimensional conrsol volume, u p  of length A I  and time- 
dependent, spatially-averaged, cross-sectional area x, 
equation (2) reduces to 
But from equation 
By utilizing equation ( 4 )  
A l s o ,  equation (1) results in 
\ 
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where t h e  s u b s c r i p t s  a and b r e f e r  t o  t h e  c r o s s - s e c t i o n a l  
s u r f a c e s  through which f l u i d  e n t e r s  and leaves t) r e s p e c t i v e l y ,  
S u b s t i t u t i n g  ( 7 1 ,  ( 8 )  and ( 9 )  i n t o  (6) y i e l d s  
o r  
where  t h e  e q u i v a l e n t  bulk modulus, B e  fs 
- ( 1 2 )  ‘/Be - I/B + V E ( D O / ~ ~ - ~ )  
and t h e  v e l o c i t y  of p ropaga t ion ,  a ,  of a s m a l l  p r e s s u r e  
d i s t u r b a n c e  i n  t h e  f l u i d  medium of  modulus B con ta ined  i n  
an e l a s t i c  p ipe  of moduius E w i t h  i n n e r  and o u t e r  d i ame te r  
E>i and Do r e s p e c t i v e l y  car. e a s i i y  be shown t o  be  
I 
(13) a = -  
A f i n a i  form f o r  (11) is 
. a? 
de ( 1 4 )  w, - Wb = c 
which i s  e q u i v a l e n t  t o  a P’umped c a p a c a t i v e  e l e m e n t  of an  
e lec t r ica l  c i r c u i t .  P r e p r e s e n t s  t h e  i n s t a n t a n e o u s  p r e s s u r e  
most r e p r e s e n t a t i v e  of t h e  Pumped r e g i o n  and C i s  t h e  capac i -  
t a n c e  of t h e  r e g i o n .  C = L 
a2 
i n  a s imple  e las t ic  p i p e  
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or in a more complicated situation can be phenomenologically 
defined by equation (14) so as to insure the mass continuity 
for all fluid states in a conduit of some charnr-teristic 
structural integrity and geometry. 
Equation (149 has utilized all of the basic equations 
of the system except the inomencum equation, ( 3 )  For one- 
dimensional flow, the momentum equation in the direction of 
flow simplifies to 
The resultant external force on the small region is presumed 
to be due to surface forces only. These are: 
Pressure force on upstream end = ?,Aa 
pressure force on downstream end = -PbAb 
- 
pressure force on l a t e r a l  surface = P S i n  a dS 2 P Sin a ASi 
friction fo’rce on lateral surface = 
T,Cos a ASl 
Js I 
~ T ~ C O S  a dS 
SI 
where a is the angle of divergence of a small region of the 
fluid conduit and T~ is the shear stress at the lateral sur- 
face ASl. Thus 
Substituting (16) I n t o  ( 1 5 )  an6 using the delta operator 
A Q  Qb - Qa we arrive at 
- 
(17) - A ( P A )  3 l? Sin a AS1 - T Cos a AS, = &(pEAiTi +- A(pAV2) 
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. 
or rearranging 
- - 
A i  d$ V A i  ' P (18) -AP = - - + -  AW + - AVAi + - (AA - Sin a AS1)Ai 
A A dt A A 
- + 2 COS a A S ~ A I  
A 
For low velocity flow, the second term on the right side of 
(18) may be neglected without introducing significant error. 
The resulting equation represents the spatial pressure change 
as a quantity dependent upon two types of functions, a spatial 
function and a rate function. 
The spatial function 
-7 - 
T 
(19) -APs = AVAi + (AA-Sin c1 ASi)Ai t 2 Cos c1 AStAi 
IC w z 
depends upon friction, flow geometry, and the fluia state. 
It exists during steady flow and is identical to steady-flow 
pressure variations. In steady state fluid mechanics it is 
customarily represented in the form 0f a fiow resistance as 
. .  
-AP, = RWiWi 
where, in a simple case, 
The rate function 
is purely a transient phenomena. 
lumped inductive element in the form 
It may be represented as a 
di -Apt = L - dt 
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' 
Thus the requirements of the momentum equation are 
completely satisfied by equations (18), (191, and (21) 
( 2 3 )  
Substituting from (20) and (22) yields 
AP = APs + A P t  
. 
where W represents the mass flow rate most representative 
of that in the lumped region, R is the steady state frictional 
resistance and/or flow coefficient, and L is the equivalent 
inductance L = 1% 
One may consider a flow passage as a distribution of 
non-interacting capacitive, inductive, and resistive elements 
each partially satisfying the system of equations (14) and 
(24). Insofar as spatiaily averaged variables are utilized 
in the equations, it is seen that this process is one of 
lumping a distributed phenomena into a finite number of 
single elements. Thus, the use of a larger number of elements 
produces a better representation of a flow system. 
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APPENDIX B 
L inea r i zed  Combustion Delay 
The e q u a t i o n  f o r  the  e f f e c t i v e  t i m e  de lay ,  T ,  between 
p r o p e l l a n t  i n j e c t i o n  i n t o  t h e  chamber and t h e  g e n e r a t i o n  of 
combustion p roduc t  gas, based on v a p o r i z a t i o n  c o n t r o l l e d  
r e a c t i o n  of  h y p e r g o l i c  p r o p e l l a n t s ,  is (Reference  2 )  
The r a t e  f u n c t i o n ?  q r  depends upon chamber p r e s s u r e  (Reference  6 ) .  
I n  t h i s  s t u d y ,  g i s  normalized w i t h  r e s p e c t  t o  i t s  v a l u e  f o r  z e r o  
p r e s s u r e  i g n i t i o n ,  i . e . ?  for P = 0 ,  q - 5. and T = T~ (Reference  2 ) .  
An approximate s o l u t i o n  of t h e  above d i f f e r e n t i a l  e q u a t i o n  - 
i s  ob ta ined  by expanding T i n  a T a y l o r ' s  ser ies .  
Neglec t ing  second and h ighe r  o r d e r  t e r m s  
L 
g i v e s  
S u b s t i t u t i n g  t h i s  i n  t h e  f i r s t  above r e l a t i o n  y i e l d s  
T ( t - r j q ( t - r )  = r ( t ) q ( t )  = c o n s t  E T~ 
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APPENDIX C 
Computer Nomenclature and Model Constants --. . 
The nomenclature used in the computer program for 
pressures, flows, and element parameters is shown in Figure 28 .  
Note that the letter "0" distinguishes between an oxidizer 
system quantity and the same quantity for the fuel system. 
Line properties for nominal runs are in table C-1. 
Values which were changed for special runs are shown in 
table C - 2 .  
Propellant properties, injector parameters, and combustor 
constants are given in table C - 3 .  
\ 
I 
6 8  
N N 
TABLE C - 1  
L/M-RCS FEED SYSTEM PARAMETERS BASED ON ENGINE #13 
(NOMINAL) 
OXIDIZER FUEL -- 
RESISTANCE - (LBF-SEC~) / (IN~-LBM~) 
RO 1 
RO 3 
RO 5 
RO 8 389000 
* 
1.99 
5.92 
40.815 
17600 
26.86 x I c2 c02 
C04 
, cos 
1;; 1 2.824 x 1 
2.824 x 
ALOl 
ALO 2 
AL04 
AL06 
AL09 
AL1 
AL2 
AL 4 
AL 6 
AL 9 
.1641 
.1641 
.6565 
.28031 
1.32 
.2110 
.2110 
,722: 
.28031 
1.83 
CAPACITANCE - (LBM -  IN^) /LBF 
49.905 x 
4.78 x 
4.78 x 
INDUCTANCE - (LBF - SEC~) / (LBM- IN^) 
TANK PRESSURE - LBF/IN~ 
PT 175 
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c 0 2  
TABLE C-2 
L/M-RCS FEED SYSTEM PARAMETERS 
(SUBSTITUTED VALUES FOR S P E C I A L  RUNS) 
235 .5  x 
RUN 1 2  
I 
I C 2 1  9 .077  x 10-61 
1 5 . 2 5  x 10-61 
1 5 . 2 5  x 
RUN 1 4  
1 5 . 8 7 8  x I 
I c04 I 1 22 .55  x 
I c o 5 I  ' 2 2 . 5 5  x 10'6 I 
TABLE C-3 
INJECTOR R, - ( L B F - S E C ~ )  / ( I N ~ - L B M ~ )  
( L B F - S E C ~ )  / ( L E ~ M - I N ~ )  INJECTOR L~ - 
-- 
LIQUID R, - ( L B F - S E C ~ )  / ( I N ~ - L B M ~ )  
LIQUID R~ - ( L B F - S E C ~ )  / ( I N ~ - L B M ~ )  
~p - ( L B F - S E C ~ )  / ( I N ~ - L B M ~ )  
L/M-RCS ENGINE PARAMETERS 
FUEL ox 
1 2 2 9 . 0  4 . 0 1 4 9  
0 . 2 8 0 3 1  0 . 2 8 0 3 1  
1 6 5 0 . 0  2 8 4 . 0  
1 8 7 5 . 0  6 1 7 . 0  
1 7 6 0 0  3 8 9 0 0 0  
AND PROPERTIES FOR SIMULATION 
L - (LBF-SEC~)/(IN 2-LBM) 
P 
. 
1 . 8 3  1 1 . 3 2  
i 
VAPOR P ~ S S U R E  AT  OF - L B F / I N ~  
VAPOR DENSITY AT 7 0 F  P, - LBN/IN3  
2 . 2  1 5  
e s t  . 0 3 2 6  
Valve Resistance, Q = 1 / ( K , X 2 )  
LIQUID BULK MODULUS, B - L B F / I N ~  
I I 
1 5 . 3 0 8 ~ 1 0 ~  1 2 . 9 1 2 ~ 1 0 ~  
K, - L B ~ /  (LBF-SE& 1 1 . 0 6 3  1 3 . 455  
VALVE STROKE, X-IN 
PMIGNITER VOLUME - I N '  
~ 
5 . 2 6 6 6 ~ 1 0 ' ~  I 7 . 1 7 3 5 2 ~ 1 0 ' ~  
1~~~~~~~ VOLUME -  IN^ 
~- ~ 
3 7 . 0 7 6 8 3 ~ 1 0  - 3 - /  3 0 . 4 7 6 1 ~ 1 0 - ~  
I 
L I Q G I D  DENSITY AT 7 0 F  - LBM/IN3 00326 
COMBUSTOR CONSTANTS, K - ( IN*/LBF) n 1 1.26 
n DIMENSIONLESS 0.4 
isc] c* - FT 
1 / ~ ~  - (LBF-SEC~) / (LBM-FT- IN^) 
1/0.49i 
0 . 0 5 3  
I 
a 
COFlPUTER PROGRAM 
A flow diagi  
7 3  I 
A P P E N D I X  D 
am ehowing general f ea tu res  of the computing 
logic employed is in f i g u r e  29 (parts A and B). 
A detailed listing of the program follows the logic 
diagram. 
, 
a 
i 
-5 - L -  
r - r  --l 
I 
A 
I 
I 
I 
-i 
I 
F I G U R E  2 9  - A  
>-- i - 1  
I 
! 
i 
i 
I 
1 
i 
i 
I 
I 
j 
i 
I 
I 
i 
! 
1 
t 
I 
! 
i 
I 
! 
i 
I 
i 
t 
I 
I 
i 
1 
i 
i 
! 
! 
, 
I I I 
-- 
j 
t' 0 u 
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i - 
-. 
f - 3  
+ i J  
8 1 
. \ .-. .; , \ -3 
82 
3 1 / 3 2 / 3 3 0 0  FORTeAN ( 3 o O ) / M S O S  0 3 / 0 5 / 6 b  
? U  
F U K T K A i q  OIAbNOSTiC HESclLTS FOR PH 
4 0  
3 U  
8 4  
3 1 / 3 2 / 3 3 0 0  FORTHAN ( 3 o U ) / M S O S  03/OS/b& 

86 
. 
J U  
3 r i  
34 
4 u  
s L  
+ 4  
50 
5 L  
33 
0 (J 
O Z  
0 4  
b O  
c, 0 
7 u  
l L  
14 
/i, 
r, 0 
db 
YU 
i U U  
88 
NOMENCLATURE 
SvmSols -
a -  
A -  
B -  
c -  
c* - 
D -  
E -  
- 
L -  
F -  
G -  
x -  
1 -  
L -  
? -  
G I -  
R -  
R -  
R w -  
s -  
t -  
T -  
u -  
v -  
u -  
P,-oustic Velocity in Fluid 
Cross-sectional Area 
8ulk Modulus 
Fluid Capacitance 
Characteristic Velocity 
Di arne t er 
Young's Modulus of Elasticity 
Friction Factor 
Force 
Mass Velocity 
Cornbustion Rate Constant 
Length Measured in Flow Direction 
Fluid Flow Inductance 
Pressure 
Chemical Reaction Rate 
Fluid Flow Resistance 
(In Combustor Equation) 
Oxidizer/fuel Ratio 
Surface Area 
Tine 
T ernp e r a tur e 
Unit Step Function 
Fluid Velocity 
Volume of Fluid Region 
Specific Gas Constant 
W - Fluid Mass Flow Rate 
8 9  
a -  
6 -  
A -  
- 
L -  
=s - 
Mass Content  
L iqu id  Mass 
Va2or Mass 
Valve S t r o k e  or  P o s i t i o n  i n  Feed L i n e  
Stream Tube Divergence Angle 
Dirac D e l t a  Funct ion  
D i f f e r e n c e  
Combustion D e l a y  T i m e  
Shear  Stress a t  Wall 
SxSsc r ip t s  
2 - Ent rance  
b - E x i t  
c - Combustion Chamber 
e - E q u i v a l e n t  
v -  Fael 
i - I n s i d e  
k - S u m a t i o n  Index 
L - Liqu id  
I - Line  
rn - Manifold 
n - Number, (For Combustion) I n t e r a c t i o n  Parameter 
o - Outs ide  
ox - O x i d i z e r  
p - P r e i g n i t e r  
L - Nozzle T h r o a t  
v - Va;?or 
I 
9 0  
1 - Upstream 
2 - Downstream 
NOTE : 
A 3ar (-) deno tes  the  i n s t a n t a n e o u s  v a l u e  of a s p a t i a l l y  . 
averaged q u a n t i t y .  
A n  Arrow (+) deno tes  a v e c t o r  q u a n t i t y .  
A (a) deno tes  a p r o p o r t i o n a l i t y .  
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